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Microtubules mediate important cellular processes by forming highly ordered arrays. Organization of these
networks is achieved by nucleating and anchoring microtubules at centrosomes and other structures
collectively known as microtubule-organizing centers (MTOCs). However, the diverse microtubule config-
urations found in different cell types may not be generated and maintained by MTOCs alone. Work over the
last few years has revealed a mechanism that has the capacity to generate cell-type-specific microtubule
arrays independently of a specific organizer: nucleation of microtubules from the lateral surface of pre-
existing microtubules. This type of nucleation requires cooperation between two different multi-subunit
protein complexes, augmin and the g-tubulin ring complex (gTuRC). Here we review recent molecular
insight into microtubule-dependent nucleation and discuss the possibility that the augmin–gTuRC module,
initially described in mitosis, may broadly contribute to microtubule organization also in non-mitotic cells.Introduction
Microtubules are long, tubular polymers of a- and b-tubulin with
so-called plus and minus ends. This intrinsic polarity is deter-
mined by the head-to-tail arrangement of a- and b-tubulin in
the polymer. Microtubules are required for essential cellular pro-
cesses such as trafficking of proteins, vesicles, nucleic acids,
and other microtubules, the distribution of organelles, and the
segregation of chromosomes during cell division. To carry out
these functions microtubules are arranged into dynamic arrays
with specific geometries, which can undergo remodeling during
the cell cycle and during cell differentiation [1,2]. A prototypical
microtubule network that is centered on the centrosome, the
main microtubule-organizing center (MTOC), is found only in
some cell types such as fibroblasts. Most differentiated cell
types, however, display non-prototypical microtubule configura-
tions that are linked to stable cell polarization and are designed
to meet specific cellular needs. In epithelial cells, for example,
only a few microtubules emanate from the centrosome and the
internal organization is dominated by an apico-basal array of
parallel microtubules that have their minus ends anchored at
the apical membrane. This configuration is well-suited to satisfy
the high demand in secretory, transcytotic and endocytic traf-
ficking to and from the apical membrane [1,3]. Another example
is highly polarized and compartmentalized nerve cells, which
form long, branched protrusions termed axons and dendrites.
A non-centrosomal, highly bundled microtubule network within
these cellular extensions promotes bidirectional cargo transport
and is essential for nerve cell function and survival [4,5]. One of
the future challenges of the field is to unravel how such non-pro-
totypical microtubule configurations are established and main-
tained, and to what degree we can apply knowledge that was
largely obtained by studying centrosome-centered microtubule
networks and mitotic systems.
Generating Non-centrosomal Microtubule Arrays
To assemble non-centrosomal microtubule networks, microtu-
bules can be nucleated at centrosomes, released and activelyR294 Current Biology 25, R294–R299, March 30, 2015 ª2015 Elsevietransported, or they may be nucleated directly at non-centroso-
mal sites. The existence of non-centrosomal nucleation sites
was recognized long ago and has led to the concept of
MTOC plasticity — microtubule nucleation and anchoring
activities are not only associated with centrioles but also
with other cellular structures such as the nuclear envelope
or the Golgi, forming MTOCs of variable dimension and
shape [1]. However, in addition to specific cellular struc-
tures, microtubule arrays themselves can also function as
MTOCs — the lattice of pre-existing microtubules can serve
as nucleation site for new microtubules by recruiting gTuRC,
a microtubule nucleator and an essential component of all
MTOCs.
Microtubule-dependent Nucleation
Microtubule-dependent nucleation was first observed within
the cortical microtubule network of higher plant interphase cells
[6,7]. Microtubule organization at the plant cell cortex, which is
essential for cell morphogenesis, depends on the nucleation of
‘daughter’ microtubules by gTuRCs that are recruited along
pre-existing ‘mother’ microtubules [7]. A similar mechanism is
also used in fission yeast for generating interphase microtubule
bundles that are required for straight cell growth and for posi-
tioning of the nucleus in the cell center [8]. In addition, in both
plant and metazoan mitotic cells, gTuRC is known to associate
with spindle microtubules. In human cells, the specific disrup-
tion of this localization by expression of a phosphorylation
mutant of the gTuRC targeting subunit NEDD1/GCP-WD
(S418A; S411A in a shorter isoform) decreases the density of
microtubules in the spindle [9]. These results led to the sugges-
tion that gTuRC, targeted by NEDD1, may promote microtu-
bule-dependent nucleation within the mitotic spindle [1,9].
Strong support for this model was provided by the discovery
of the multi-subunit augmin complex, which recruits gTuRC to
spindle microtubules [10], and by the visualization of augmin–
gTuRC-dependent branching nucleation events in Xenopus
egg extracts [11].r Ltd All rights reserved
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Figure 1. Geometries of microtubule-
dependent nucleation in different cell types.
Schematic representation of microtubule config-
urations and microtubule-dependent nucleation
events observed in interphase fission yeast cells
(A), in the vertebrate mitotic spindle (B), and at the
cortical membrane in interphase epidermal pave-
ment cells in plants (C). In each case, a detailed
view of the observed nucleation events is depicted
on the left, the overall microtubule configuration is
shown on the right. Arrows indicate the direction of
transport of daughter microtubules. (A) In inter-
phase fission yeast cells, the Mto1–Mto2 complex
recruits g-tubulin complex to existing microtu-
bules to promote nucleation of anti-parallel
microtubules at an angle of 180. Coupling
nucleation to minus end-directed transport of
g-tubulin complexes induces the formation of
microtubule bundles with short overlap zones at
the nucleus in the central part of the cell. (B) Aug-
min recruits gTuRC tomitotic spindlemicrotubules
to promote nucleation of microtubule branches at
shallow angles, resulting in fan-shaped microtu-
bule arrays of uniform polarity. gTuRC-capped
minus ends of daughter microtubules will be
transported towards the poles by minus end-
directed transport. (C) In plant cortical interphase
arrays augmin recruits gTuRC to existing micro-
tubules. A fraction of these complexes nucleates
daughter microtubules. Two-thirds of these are
nucleated at an average angle of 40, the rest is
nucleated parallel to the mother, which leads to a
dispersed microtubule array. In both cases, the
daughter microtubule has the same polarity as the
mother.
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Augmin subunits were first identified in a genome-wide RNAi
screen inDrosophila S2 cells, based on the impaired recruitment
of g-tubulin to spindles and the resulting reduction in the density
of spindle microtubules [10]. Augmin-dependent nucleation in
mitosis promotes not only formation of a bipolar metaphase
spindle but also central spindle assembly in anaphase and cyto-
kinesis [10,12–15]. Meiotic spindle assembly in Drosophila also
involves augmin-dependent nucleation, but here its spatial regu-
lation seems to differ such that it occurs at acentrosomal spindle
poles in oocytes and at kinetochores in centrosome-containing
spermatocytes [16,17].
The analysis of in vitro-reconstituted human augmin has pro-
vided a first glimpse into its molecular architecture and function
[18]. Reconstituted octameric augmin bindsmicrotubules in vitro
and promotes RanGTP-dependent formation of microtubule as-
ters in Xenopus egg extracts. A partially functional tetrameric
subcomplex promotes asters with fewer bundled microtubules,
suggesting that apart from recruiting gTuRC, augmin may also
directly affect microtubule configurations. Single particle cryo-
electron microscopy revealed that HAUS1–HAUS8 assemble
into a hetero-octameric complex with a40 nm extended shape
[18]. Interestingly, 29 nm rod-shaped linkages resembling the
reconstituted augmin structure have been revealed by electron
tomography in human metaphase spindles between the pre-
sumed minus ends of some spindle microtubules and adjacent
microtubule lattices [19]. However, understanding the in situ to-
pology of augmin will require mapping of subunits within the
augmin structure, in particular HAUS6 and HAUS8, subunits
previously implicated in gTuRC and microtubule binding,Current Biology 25, R294–respectively. Strikingly, augmin is also required for microtu-
bule-dependent nucleation in the cortical arrays of interphase
plant cells, indicating that augmin’s function is not specific to
mitosis and meiosis [20].
Controlling Angles to Establish Geometries
The spatial flexibility of microtubule-dependent nucleation re-
quires tight control of the nucleation angle, to ensure correct
orientation of the daughter microtubules (Figure 1A–C). In fission
yeast, for example, daughter microtubules are nucleated at an
angle of 180, generating anti-parallel microtubule configura-
tions (Figure 1A) [8]. The molecular basis of the 180 nucleation
angle is not known, but most likely involves appropriate posi-
tioning of the g-tubulin complex by the hetero-oligomeric
Mto1–Mto2 complex, which functions as a recruitment factor
[21,22].
Augmin-dependent nucleation in mitotic Xenopus egg ex-
tracts occurs mostly at angles between 0 and 30 relative to
the mother microtubule (Figure 1B) [11]. Measurements in fixed
human spindles by electron tomography revealed similar shallow
angles for augmin-dependent microtubules that had their closed
ends (presumably minus ends capped with gTuRC) connected
with the wall of an adjacent microtubule [19].
Nucleation at shallow angles ensures that all daughter micro-
tubules follow the polarity of the mother and, since daughter mi-
crotubules can serve as mothers for the nucleation of additional
branches, will generate fan- or fir tree-shaped arrays [11]. Start-
ing from a few individual microtubules in the early stages of
spindle assembly, augmin-dependent nucleation may rapidly
generate multiple such arrays, which could then interact andR299, March 30, 2015 ª2015 Elsevier Ltd All rights reserved R295
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Figure 2. Distribution and requirement of
various proteins in relation to distinct
microtubule-dependent events in
microtubule arrays.
The frequencies at which the proteins in the left
column are associated by colocalization with
distinct microtubule-dependent events are indi-
cated by ‘plus’ symbols. Multiple plus symbols
indicate a higher frequency. In addition, for each
protein its requirement for a particular event is
indicated. The distinct microtubule-dependent
events are: recruitment only (no nucleation),
branched nucleation, parallel nucleation, and
shallow-angle nucleation. The data were compiled
from several studies [7,20,26,30–33,43].
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facilitate organization of thousands of microtubules into one
large spindle-shaped structure. Indeed, fir tree-shaped arrays
were observed during spindle assembly in the plant Haeman-
thus, long before the discovery of augmin-dependent nucleation
[23]. In addition, augmin may also function on microtubules
growing from centrosomes (Figure 1B) [24]. Due to the geometry
of radial arrays, microtubule density is predicted to decrease
with increasing distance from the central organizer. Augmin-
dependent microtubule branching could compensate for this
effect and increase the probability to capture kinetochores and
interact with chromosome-derived microtubules.
A unique model to study branching nucleation and regulation
of branch angles is the cortical interphase array in epidermal
plant cells. Within the cortical array, microtubules are nucleated
either along the mother microtubule by a parallel nucleation
mode (corresponding to a 0 angle), or as branches at angles
ranging from 20 to 60 (40 on average) (Figure 1C)
[6,7,25,26]. Typically the branching nucleation is twice as
frequent as the parallel form. Even though both nucleation
modes generate microtubules that follow the polarity of the
mother, parallel nucleation contributes to microtubule bundling,
whereas branching nucleation produces a configuration with
more dispersed microtubules [27]. A specific balance between
parallel and branched nucleation may be required for correct or-
ganization of the cortical array [28], and modulation of this bal-
ance could facilitate changes in the array geometry in response
to developmental or environmental cues [27,29].
The strongest evidence that the balance between parallel and
branched nucleation is subject to tight regulation comes from aR296 Current Biology 25, R294–R299, March 30, 2015 ª2015 Elsevier Ltd All rights reservedrecent study of TON2, a subunit of protein
phosphatase 2A in Arabidopsis [30]. In
cells with impaired TON2 function, the
overall cortical nucleation activity was
not affected, but the balance of the nucle-
ation modes was shifted to almost exclu-
sively parallel (Figure 2). To understand
the molecular basis of this regulation it
will be crucial to identify relevant TON2
substrates. Candidates are subunits
of augmin or gTuRC, which have also
been implicated in controlling nucleation
modes and branch angles. For example,
a mutation in the gTuRC subunit GCP2that affects interaction with the GCP3 subunit increased the
average nucleation angle from 40 to 49 [31], whereas
downregulation of the gTuRC subunit GCP4 reduced the
average branch angle to 27 [32]. These results suggest that
structural alterations in gTuRC can affect branch angles, poten-
tially by modulating interaction of gTuRC with augmin and thus
affecting the positioning of gTuRC relative to the mother micro-
tubule. Another example is the finding that depletion of the
gTuRC targeting subunit NEDD1 not only impaired recruitment
of gTuRC to cortical microtubules, but also selectively impaired
branching nucleation and caused the remaining branches to be
nucleated at lower angles [33]. In contrast, individual downregu-
lation of the augmin subunit Aug6 caused a dramatic reduction
in both parallel and branching nucleation frequency (Figure 2).
However, branching nucleation was more strongly affected
and, similar to NEDD1 depletion, the few branches that formed
had shallower angles [20]. In both studies, the induced alter-
ations in the microtubule nucleation geometry produced a
more aligned microtubule network compared to control cells
[20,33]. In summary, both augmin and NEDD1 are required for
branching nucleation (Figure 2). In the absence of NEDD1 aug-
min may be able to recruit gTuRC and promote parallel nucle-
ation by using a different or no adaptor. However, since augmin
is a multi-subunit complex [10] and NEDD1 is known to form
oligomers [34], the changes in the nucleation mode described
above might also result from remaining, partially functional aug-
min subcomplexes or from gTuRCs that contain a reduced
amount of NEDD1.
Very recent work detected branching nucleation events
also in the endoplasm of moss protonemal cells. The underlying
Current Biology
Minireviewmechanism, however, was augmin-independent and lacked the
capacity to restrict branch angles [35].
Activating the Nucleator
To control the formation of new microtubules in space and
time nucleation by g-tubulin complexes was suggested to
require specific activation and/or cooperation with other factors
[36,37]. Indeed, Mto1–Mto2 complexes in fission yeast not only
recruit but also activate g-tubulin complexes, most likely through
the conserved CM1 motif present in Mto1 [38]. The CM1 motif is
also found in some proteins of higher eukaryotes and, in the case
of human CDK5RAP2 (a protein involved in gTuRC localization
to centrosome and Golgi), was shown to stimulate gTuRC-
dependent nucleation in vitro and in vivo [39]. However, there
is currently no evidence that CM1-containing proteins partici-
pate in the microtubule-dependent nucleation mechanism in
higher eukaryotes.
Augmin-dependent branching nucleation in Xenopus egg ex-
tracts is stimulated by RanGTP and the Ran-dependent spindle
assembly factor TPX2, suggesting that interaction between aug-
min and gTuRC alone may not be sufficient for gTuRC activation
[11]. Interestingly, both RanGTP and TPX2 also stimulate
nucleation by gTuRC around mitotic chromatin, a pathway that
does not require pre-existing microtubules [40]. This observa-
tion could be interpreted to mean that during mitosis, both
chromatin- and microtubule-dependent nucleation involve the
same activation mechanism. However, it is unclear if these fac-
tors also have a role in microtubule-dependent nucleation in
the cortical arrays of interphase plant cells.
A candidate activation factor is the recently identified gTuRC
subunit MZT1 [41,42]. This is based on two observations: first,
a plant homolog of MZT1, GIP1, colocalizes more frequently
with gTuRCs nucleating branches than with inactive gTuRCs
on cortical microtubules (Figure 2) [43], and second, MZT1
directly interacts with GCP3 [43–45], a structural gTuRC subunit
that was proposed to require a conformational change to
generate active gTuRC [36,46]. However, there is currently no
direct evidence that gTuRC is activated by MZT1 binding.
MZT1 was also suggested to target g-tubulin complexes to
MTOCs, but whether MZT1 affects gTuRC localization directly
or indirectly, by controlling gTuRC assembly or stability, remains
unclear [42–47]. gTuRC activation could also involve posttrans-
lational modification such as phosphorylation. Indeed, most
gTuRC subunits contain multiple phosphorylation sites [37].
The Fate of Daughter Microtubules
Daughter microtubules generated by microtubule-dependent
nucleation will either remain connected to the nucleation site,
or be released to move along the mother lattice with the help
of microtubule cross-linking and motor proteins. In the case of
the fission yeast interphase array, the nucleating complex re-
mains attached to the minus end of the daughter microtubule,
which is moved along the mother lattice by minus end-directed
transport, resulting in antiparallel sliding [8]. This movement pro-
duces a short antiparallel overlap zone between mother and
daughter microtubule that is positioned near the nucleus in the
cell center (Figure 1A).
Transport of daughter microtubules also occurs following aug-
min-dependent nucleation. Branching microtubules nucleatedCurrent Biology 25, R294–in egg extracts in vitro, for example, are frequently pulled
away from the mother by dynein [11]. Moreover, in human
spindles only a relatively small percentage of augmin-dependent
microtubules have their closed ends (presumably minus
ends capped with gTuRC) attached to adjacent microtubule
by augmin-like linkages (Figure 1B) [19]. This suggests that
subsequent to augmin-dependent nucleation the connection
between augmin and gTuRC may be resolved, while gTuRC
may stay attached to theminus end of the daughter microtubule.
Indeed, gTuRC in spindles is associated with microtubule
minus ends and is sorted towards the spindle poles to generate
parallel configurations (Figure 1B) [48]. This poleward sorting
slows down in the pole-proximal region leading to an
accumulation of minus end-bound gTuRC in this area. Augmin
does not display this type of distribution, which would be in
agreement with the release and transport model discussed
above [48].
Very similar, minus end-directed sorting mechanisms have
also been described for branches nucleated in the expanding
phragmoplast microtubule array during cytokinesis in plants
[49], and for a small fraction of the random-angle branches in
the endoplasm of protonemal cells in moss [35].
In contrast to the sliding behavior of daughter microtubules
described above, branches in plant cortical arrays do not seem
to undergo active transport. Instead, these microtubules can
be enzymatically severed at their minus end by katanin, leading
to the release of augmin and gTuRC from the nucleation site [26].
Liberated microtubules with their minus ends not bound by
gTuRC can then translocate by polymer treadmilling [50], main-
taining their association with the cortical membrane through an
unknown mechanism.
In summary, the fate of the daughter microtubules may
depend on the context. In polar arrays, nucleation may be linked
to transport along mother microtubules, whereas more
dispersed microtubule configurations may involve translocation
of daughters away from the nucleation site.
Conclusions and Future Directions
Work over the last few years has established the importance
of augmin-dependent nucleation for the organization of
different types of microtubule arrays. While we have identified
the core machinery that mediates this process, future work
will have to focus on the activities that modulate nucleation
and branch angles in a cell-cycle stage and cell-type-specific
manner.
Since microtubule-dependent nucleation has certain advan-
tages, augmin may function in many more cell types than is
currently known. For example, local nucleation from existing
microtubules eliminates the need for energy-dependent trans-
port of microtubules to this site. Even in cases where short
distances make energy savings less important, there is the
advantage of coupling nucleation to a specific orientation,
which facilitates integration of new microtubules into existing
arrays. Thus, the augmin pathway may be generally used to
reinforce and maintain microtubule geometries established
by centrosomes and other MTOCs. Future work will show
whether this prediction holds true in at least some of the
many cell types in which microtubule organization is still poorly
characterized.R299, March 30, 2015 ª2015 Elsevier Ltd All rights reserved R297
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